Geant4 offers a set of models to simulate hadronic showers in calorimeters. Recent improvements to several models relevant to the modelling of hadronic showers are discussed. These include improved cross sections, a revision of the FTF model, the addition of quasi-elastic scattering to the QGS model, and enhancements in the nuclear precompound and de-excitation models. The validation of physics models against thin target experiments has been extended especially in the energy region 10 GeV and below. Examples of new validation results are shown.
Introduction
The Geant4 simulation toolkit [1, 2] is widely used for simulation in high energy physics. In particular, LHC experiments use Geant4 for simulation production and comparison to test beam data. Results from these test beam experiments, showing calorimeter data and Geant4 predictions, are presented elsewhere in these proceedings.
Both the CMS and ATLAS experiments started by using two main configurations of Geant4 physics: LHEP and QGSP. The LHEP physics list configuration uses parametrized models to describe the interactions of hadrons. The QGSP physics list uses a string model approach to simulate inelastic interactions of hadrons above about [15] [16] [17] [18] [19] [20] GeV, as well as improved cross sections. At lower energies the QGSP physics list is similar to LHEP. The experiments found good agreement of the measured hadronic shower shape, especially longitudinally, to simulation results obtained with LHEP. QGSP describes better the e/π ratio and the resolution, but simulation produces showers which are too short and start too early.
The configuration provided by the QGSP BERT physics list, together with the addition of quasi-elastic scattering as detailed below, brings the simulated shower shape close to the LHC test beam results. This physics list uses the Geant4 Bertini cascade model to handle interactions for particles below 10 GeV, reducing the use of parametrized models. This physics list was adopted for production by both the CMS and ATLAS experiments.
To understand the shower shape issue and to improve the simulation, a significant validation effort was started within the Geant4 hadronic working group. In section 2, we concentrate on the improvements made in the modeling of hadronic interactions with the goal of improving simulation for LHC detectors. Both cross sections and interaction models were studied. The physics performance of models simulating hadronic interactions was examined by comparing to experimental data from thin target experiments.
In section 3 we summarize recent improvements to other Geant4 hadronic models.
Improvements to QGSP and QGSP BERT physics lists
In the following we will discuss improvements to hadronic models in the physics lists QGSP and QGSP BERT, as used in production by the LHC experiments. Although an improved modeling of shower shape was an overall goal, the development of models is guided by comparing simulation results of individual models to data of thin target experiments. The main improvement in shower shape results from the addition of quasi-elastic scattering to the modelling of high energy interactions.
Quasi-elastic scattering
Up to version 8.2 of Geant4 quasi-elastic scattering, the elastic scattering of the projectile on a nucleon, was ignored for the simulation of high energy interactions by the Quark Gluon string (QGS) model, and the full inelastic cross section was used as the production cross section. Since version 8.3 a simple model for quasi-elastic scattering has been added, and the cross section for quasi-elastic scattering is subtracted from the inelastic cross section, thus reducing the production cross section. Subsequent model refinements added effects of Fermi motion of nucleons on the momenta of the two final state particles. Quasi-elastic scattering results in longer simulated shower shapes since it reduces the energy and momentum by only a small amount and the scattering angle is typically very forward.
Review of cross sections
In Geant4 hadronic cross sections are independent of the model used to generate final states, hence an incorrect cross section for inelastic interactions will have an impact on the shower shape. Therefore an extensive validation effort was undertaken to validate the cross sections used in Geant4 against experimental data and also versus different evaluations of cross sections. We found that above 100 GeV the adopted relativistic rise was too steep, thus this was corrected for the cross sections in use by the physics lists based on the QGS model.
Improvements to elastic scattering
Elastic scattering of hadrons on nuclei directly affects the development of hadronic showers in matter. Hadronic calorimeters with scintillators are particularly sensitive to this, due to the energy transfer from low-energy neutrons to recoiling protons by neutron elastic scattering on hydrogen. Initially the elastic model of the GHEISHA package [3] was used in Geant4 . The elastic scattering process of Geant4 was recently reviewed and two new models were introduced.
A theory-based model has been developed, which uses the Glauber approach [4] with corrections for inelastic screening [5] and total cross section [6] . The validity range of the Glauber approach starts above 1 GeV. An alternative phenomenological model was developed in the CHIPS sub-package [7] of Geant4 . The parameterization of the elastic cross sections for protons and neutrons is based on an analysis of about 600 papers with about 3000 data sets on nucleon-nucleus scattering for targets from hydrogen to lead. As a result, a more precise analytic parameterization of the total and elastic cross sections is obtained.
Neither of these models cover the entire range of particle types and energies, therefore they have been combined in a new Geant4 process class. In this class, incident protons and neutrons use the CHIPS model, charged pions with incident energy above 1 GeV use the Glauber model, and for all other incident hadron types and energies the GHEISHA-style model is used.
Improvements to Bertini Cascade
The Bertini-style cascade [8] as implemented in Geant4 has been reasonably successful in describing secondary particle distributions resulting from incident nucleons, pions, kaons and hyperons colliding with nuclei. The applicable energy range of this model is from 100 MeV to 10 GeV. Physics lists using the Bertini cascade are now in use for simulation production by both the ATLAS and CMS experiments. Improved shower shapes are seen with physics lists using this model [9] and extensive validations at the model level over the full 10 GeV range have in most cases shown reasonable agreement with thin-target data. Significant deviations remain however.
One such deviation is due to the absence of a Coulomb barrier in the evaporation phase of the model. Low energy (< 2-3 MeV) protons were simulated whereas none should exist. The Coulomb barrier has now been included, resulting in the expected low energy behavior for emitted charged hadrons.
Another deviation from data which could have a significant effect on shower shapes has to do with angular distributions. Fig. 1 on Al. The upper curve shows the discrepancy with data and the lower curve shows the effect of improving the parameterized angular distribution in the model. The improvement was made by replacing the relatively flat parameterized angular distribution for incident energies above 2.8 GeV with a simple t-dependent distribution. The net result is more forward-going secondaries in the shower.
Additional improvements to the model are underway and include a better treatment of quasielastic scattering and the application of the Coulomb barrier in the precompound phase of the model.
Improvements in other models
In addition to improvements in models used by the QGSP BERT physics configuration, other configurations provide options to assess the systematics of modelling, and to possibly offer new choices in the future.
A significant revision of the Geant4 FTF model is in progress, and results based on the first set of improvements, presented elsewhere in these proceedings, show that this model should give quite competitive results in the area of shower simulation. As the FTF model can be used down to about 3-5 GeV, there is good overlap with cascade models and the use of parameterized models can be significantly reduced.
FTF model improvements
The well-known FRITIOF model [11] is now implemented in Geant4 under the abbreviation FTF. It allows the simulation of hadron-hadron and hadron-nucleus interactions starting from laboratory momenta of 3-5 GeV/c. Significant effort has been spent in order to tune the model parameters for a description of hadron-nucleon interactions. As a result, the model describes particle spectra better than several other known models: HIJING, UrQMD, QGSM. The main improvement involves a separate simulation of diffractive and non-diffractive collisions.
Other improvements include the simulation of the elastic scattering of a projectile on the intra-nuclear nucleons and a treatment of the secondary particle formation time. The first improvement allows the low-energy nucleons ejected from a target to be taken into consideration. The second improvement is required for any coupling with low-energy cascade models. Now a combination of the FTF and Binary Cascade models gives a quite satisfactory result for hadronnucleus interactions, especially for an interpretation of the HARP experimental data.
Binary Cascade Improvements
The Geant4 Binary Cascade [12] is a model describing the interactions of protons and neutrons with nuclei. Comparisons to experimental data show that the model is best at low energies, and gives a reasonable description of particle spectra up to about 5-10 GeV. Incident pions up to few GeV were added recently to the list of allowed incident particles. Another development allows the use of the binary cascade as a re-scattering model in combination with the Geant4 string models. These models use the so-called 'yo-yo' formation time approach [13] to estimate the times and coordinates of secondaries created. A secondary created by the high energy model within the nucleus can interact with the nucleons remaining after the high energy part of the reaction. The main result of including these interactions of secondaries with nucleons is an improved description of the spectra of secondary protons and neutrons.
Implementation of INCL cascade and ABLA evaporation-fission codes
The INCL4.2 (Liège) intra-nuclear cascade [15] , optimized for spallation studies, and the ABLA V3 evaporation [16] with GSI SimFis code for fission are now available in Geant4. The INCL model accepts proton, neutron, pion, deuteron, triton, He3, and α projectiles for energies between 0.2 and 3 GeV. The supported target elements range from carbon through to uranium. A direct translation of the original code has been provided since the Geant4 9.1 release and a verification and validation program was begun to ensure the correctness of the implementation. Fig. 2 demonstrates the neutron production at a typical spallation energy of 1.2 GeV. Good agreement with experiment is observed. The main disadvantage of such a microscopic precision model is the large CPU penalty compared to more phenomenological models.
Two implementations of the PROFI [17] fission model, SimFis3 and SimFis18 (released in 1996 and 2001, respectively) are connected to the Geant4 INCL/ABLA system using an interface that allows direct comparison between the codes. Identical random numbers were used in the unit testing of both the FORTRAN and C++ versions of the SimFis3 to ensure the correctness of the translation. 
Improvements of Preequilibrium and Evaporation Models
The precompound stage of nuclear reactions, as described within the framework of the exciton model [20] , is used as long as the nuclear system is not in equilibrium. Emission of nuclear fragments or photons from the excited nucleus is simulated using the Weisskopf equilibrium theory [21] , which by itsef is not able to describe the high energy tails of the emission spectra.
In the statistical equilibrium state, which is characterised by an equilibrium number of excitons n eq , all three types of transitions are equiprobable. Thus n eq is fixed by λ +2 (n eq , U ) = λ −2 (n eq , U ), where λ ±2 is the transition rate to a state with ±2 excitons and U is the excitation energy of the compound system. From this condition one can get a very rough estimate
where g is the single-particle level density. In practice, the root two factor in eq.1 is considered to be an adjustable parameter in nuclear data evaluations. One must be very cautious with this estimate since in certain circumstances (heavy targets at bombarding energies where pre-equilibrium plays a role) the condition λ +2 (n eq , U ) = λ −2 (n eq , U ) is reached well before n = n eq and therefore the former condition must prevail. In our Monte Carlo simulation, this physically consistent condition has been directly implemented by means of the appropriate algorithm.
The transition probabilities, which are a key ingredient of the model, have been calculated either in a semi-microscopic way [22] or by using a standard parameterisation of the matrix elements [23] . As expected, both of them lead to similar results.
The emission probabilities, either for single nucleons or for complex fragments, have been calculated according to [22] , including combinatorial factors R j , which take into account the availability among the excitons of enough particles to form the one to be emitted; these factors were not included previously. A proper evaluation of the Coulomb barrier combined with inverse cross sections fitted to experimental data (either directly or indirectly through optical model global fits) is essential for a good description of both the evaporation and preequilibrium stages. Among the different possibilities, we choose for protons the parameterisation of Wellisch [24] , and for the rest of the particles we use Chatterjee [14] . The first, unlike the second, gives a good description of the proton inverse reaction cross section at low energies (i.e. in the Coulomb Barrier region) for light systems, such as 27 Al, but breaks down for heavy ones; this has been solved by suitable inclusion of the correct Coulomb barrier.
Improvements to low energy neutron transport
Neutron High Precision Models and Cross Sections (NeutronHP) treat the detailed simulation of neutrons with energies below 20 MeV. It is a data-driven model and depends on the G4NDL evaluated data library.
G4NDL has already been enhanced to additionally include the most-requested elements such as Gd, Nd, Sm, Hf, Ag, Ge, La, Br, Rd and Hg. These have been translated from ENDF-VI [25] , ENDF-VII [26] and JENDL-3.3 [27] and included in the latest version of G4NDL.
Several other data were also recently introduced to G4NDL. These include data from ENDF-VI used for the special treatment of scattering from chemically bound atoms at thermal energies, and the JENDL high energy cross section data (JENDL-HE) which extends applicability up to 3 GeV. JENDL-HE data for selected materials such as concrete, iron and brass were used in the recent SATIF9 inter-comparison of neutron attenuation calculations [28] where Geant4 shows good agreement with the beam data.
"On-the-fly" calculation of Doppler broadening has long been included in NeutronHP as a means of calculating the effects of thermal motion. It is, however, very CPU-intensive. An option to bypass this calculation and still take thermal motion into account in the final state has thus been added. As a result, a ∼ 400% performance increase has been achieved.
A significant shortfall of the NeutronHP models is the non-conservation of energy and momentum in a reaction. NeutronHP is a data-driven model and not designed for setting up conservation at the single reaction level. However there are many reaction channels which do not require detailed treatments, and for these conservation may be established. Significant improvement in many of these reactions has been made, especially in final state capture, where an option now exists to force the use of the Geant4 Photon Evaporation model whenever a neutron is captured. Previously the less precise G4NDL photon data were used if present.
The above changes have increased the usability and reliability of NeutronHP and efforts for further improvements are ongoing. Since the release of NeutronHP, however, several new evaluated nuclear libraries have become public as well as several new ENDF formats which are not supported by NeutronHP. Rather than make extensive modifications to the NeutronHP code, it was decided to develop a new model based on the Evaluated Nuclear Data Library (ENDL) [29] which is publicly available from Lawrence Livermore National Laboratory. Most evaluated nuclear data libraries including new ones are already translated to ENDL and will be available through the new model.
Conclusion
As a result of these studies, we found that a review of several aspects of the Geant4 modeling of hadronic interactions was required. The main improvements identified for the QGSP physics list were the need to complement the Quark Gluon string (QGS) model by a quasi-elastic model, and the need to use a cascade code for hadrons below 10 GeV. Other improvements include a better description of cross sections at energies above 100 GeV, and an updated elastic scattering model for hadrons. The configuration obtained is the QGSP BERT physics list. This gives a good description of shower shape, the e/π ratio, and the resolution of hadronic showers. The effort to improve physics models is ongoing; the Fritiof-based (FTF) model, the precompound model and the de-excitation models are being completely revised, and there are refinements and additions to many other hadronic models. Configurations based on these models are availabele as alternate physics lists and allow to estimate systematics, and offer possibilities for future improvements.
